The host cell penetration of Toxoplasma gondii was studied with reference to synthesis of a penetration-enhancing factor and the penetrative capacity of the parasites during the various phases of the infectious cycle. HeLa cells as suspension or monolayer cultures were infected with Toxoplasma. After a lag phase shorter than 1 hr, there was a synthesis of penetration-enhancing factor demonstrable in the parasites. Exposure of the factor to host cells resulted in disappearance of its penetration-enhancing activity. The findings were in accord with the hypothesis that Toxoplasma gondii is capable of synthesizing an enzyme-like factor, reacting with the host cell surface, and, thereby, facilitating the penetration of the parasites. This hypothesis was further supported by the observations that the penetrative capacity of extracellular parasites gradually was reduced in presence of host cells and that intracellular parasites released artificially from host cells shortly after penetration were found to have a reduced penetrative capacity. Parasites allowed to remain for 4 hr or more intracellularly could restore and markedly improve their penetrative capacity.
The host cell penetration of Toxoplasma gondii was studied with reference to synthesis of a penetration-enhancing factor and the penetrative capacity of the parasites during the various phases of the infectious cycle. HeLa cells as suspension or monolayer cultures were infected with Toxoplasma. After a lag phase shorter than 1 hr, there was a synthesis of penetration-enhancing factor demonstrable in the parasites. Exposure of the factor to host cells resulted in disappearance of its penetration-enhancing activity. The findings were in accord with the hypothesis that Toxoplasma gondii is capable of synthesizing an enzyme-like factor, reacting with the host cell surface, and, thereby, facilitating the penetration of the parasites. This hypothesis was further supported by the observations that the penetrative capacity of extracellular parasites gradually was reduced in presence of host cells and that intracellular parasites released artificially from host cells shortly after penetration were found to have a reduced penetrative capacity. Parasites allowed to remain for 4 hr or more intracellularly could restore and markedly improve their penetrative capacity.
A factor enhancing the host cell penetration of Toxoplasma gondii can be extracted from suspensions of Toxoplasma parasites (10, 13) . This factor has the characteristics of an enzyme acting upon the host cell wall (R. Norrby, in preparation). The hypothesis that the factor is of lysosomal origin was supported by the finding that the number of lysosomes in Toxoplasma parasites was markedly reduced during the process of host-cell penetration but increased again for intracellular parasites (12) . Another finding, indicating a possible biological function of the penetration-promoting factor, was that it increased experimentally the in vivo virulence of the Toxoplasma strains used (11) .
In the present study, evidence for synthesis of the factor in the Toxoplasma parasites is presented. Furthermore, the kinetics of its production and its relation to the penetration capacity of the parasites during the various phases of the cycle of infection are studied.
MATERIALS AND METHODS Toxoplasma parasites. Trophozoites of Toxoplasma gondii RH were used. Toxoplasma-infected peritoneal exudate was collected from Swiss albino mice on the third day after intraperitoneal inoculation of parasites. The technique for preparation of parasite suspensions, free from peritoneal fluid and most of the peritoneal cells, has been described earlier (8) .
Suspension cultures infected with Toxoplasma parasites. HeLa cells were cultured in Eagle's minimum essential medium (MEM) for suspension cultures (Grand Island Biological Company, Grand Island, N.Y.) with penicillin and streptomycin (100 units and 100 sg/ml, respectively), double amounts of amino acids, and 10% human serum devoid of dye-test antibodies. Two hundred milliliters of a cell suspension containing 1.1 X 106 to 1.4 X 106 cells per ml was inoculated with 25 ml of a Toxoplasma suspension having a parasite concentration of 2.5 X 106 per ml. The cultures were incubated at 37 C for various periods of time and were then centrifuged at 440 X g for 20 min to sediment the cells and the extracellular parasites. After resuspension in 35 ml of Hanks balanced salt solution (BSS), the number of cells and parasites was counted in a Burker chamber. Intracellular parasites were counted after staining; Janus green (0.25 mg in 0.5 ml of BSS) was added to 0.5 ml of resuspended sediment, and the mixture was incubated at 37 C for 10 min before the counting. Extraction of penetration-enhancing factor (PEF). The resuspended sediments obtained from Toxoplasma-infected suspension cultures were treated by a technique previously used for extraction of PEF from suspensions of mouse peritoneal parasites (13) . This technique implied that the material was frozen and thawed three times, sonically treated in a Raytheon 200-w, 10-kc oscillator for 15 min, and centrifuged at 20,000 X g for 45 min. The supematant obtained was incubated at 37 C for one hour and was then centrifuged at 80,000 X g for 45 min to remove inhibiting substances. The supernatant was dialyzed against distilled water. A preparation obtained by this technique can be stored for months at -90 C without losing activity.
Release of intracellular parasites. HeLa cells were grown as monolayers in 200-ml culture bottles with 15 250 HOST CELL PENETRATION OF T. GONDI2 ml of MEM containing 10% dye-test negative human serum, penicillin (100 units per ml), and streptomycin (100,ug/ml). After 48 hr at 37 C, the culture mldium was replaced by 10 ml of a Toxoplasma suspension containing 1.5 X 106 to 2.0 X 106 parasites per ml. After various times of incubation at 37 C, the culture fluid was sucked off, and 10 ml of a 2.5% solution of crystallinic trypsin (Boehringer and Soehne, Mannheim, West Germany) in saline was added to each bottle. After incubation at 37 C for 15 min, the bottles were shaken to loosen the cells from the glass, and the cell suspension was centrifuged at 360 X g for 10 min to sediment intact cells and coarse debris. The supernatant was centrifuged at 440 X g for 20 min, and the trypsin was carefully pipetted off. The remaining sediment was resuspended in 1.5 ml of BSS containing 2 mg of soy bean trypsin inhibitor (Sigma Chemical Company, St. Louis, Mo.), and the number of viable parasites was counted. Cultures inoculated with 10 ml of BSS were treated in the same way as the parasiteinfected ones and were used as controls.
Separation of extracellular parasites. Toxoplasmainfected HeLa monolayer cultures, as described above, were used. The fluid was removed from the cultures at various times after inoculation of the parasites. The cells were sedimented by centrifugation at 360 X g for 10 min, and the supernatant obtained was centrifuged at 440 X g for 20 min. The new sediment was resuspended in 1.5 ml of BSS, and the number of parasites and cells per ml was counted. The number of HeLa cells in these preparations was always less than 0.1 X 106 per ml.
Parasites, incubated without host cells at 37 C and treated in the same way as the fluids removed from Toxoplasma-infected cell cultures, served as controls.
Test for assaying the penetration of parasites. A cell culture technique described previously (8) was used. When preparations of PEF were tested, they were mixed with test parasites and inoculated into special test cultures. The number of test parasites used varied between 0.6 X 106 and 4.5 X 106 per ml. After incubation at 37 C for 19 hr, the cultures were read in a phase contrast microscope, and the quotient between the number of parasites that had penetrated host cells and the number of exposed cells was determined. This quotient X 100 is referred to as the relative number of infective units (RNIU). Results are given in RNIU values or as the number of parasites required to give one RNIU.
RESULTS
Influence on RNIU values by varying the number of inoculated parasites. The parameter used for determining the number of parasites with capacity of penetrating the host cells is the so-called RNIU. This value describes the concentration of intracellular parasites per host cell after the penetration phase of the infection is completed and has, as a rule, been assayed in a parasite-cell culture system with standardized amounts of parasites and exposed cells (8) . In the experiments to be described, certain variations in the number of parasite between different inocula had to be encountered, and it was, therefore, compulsory to ascertain that such a variation was directly proportional to changes in the RNIU values. A suspension of mouse peritoneal parasites was serially diluted in BSS. The number of parasites of each dilution was counted, and samples were inoculated into cell cultures for assay of RNIU. The results of a representative experiment are given in Fig. 1 .
It is evident from the diagram that the number of parasites inoculated was directly proportional to the RNIU values obtained. The accuracy of the parasite countings and the determinations of the RNIU values were both found to be excellent. ples were drawn after various periods of time from both cultures, and each pair of samples was pooled. The pooled samples were centrifuged at 440 X g for 20 min, and the sediment was resuspended in 3 ml of BSS. After counting of cells, extracellular and intracellular parasites, the sample was divided in two parts, one of which was adjusted to give a parasite concentration of 2.5 x 106 per ml. With increasing time, the concentration of parasites in the cultures became higher because of parasite multiplication; concurrently, the later the samples were drawn, the more they had to be diluted for adjustment of parasite concentration. In this way, there were two materials for each time available for study, one containing a constant number of parasites. They were then disintegrated, and PEF was extracted and assayed.
Figures 2 and 3 demonstrate that the PEF was produced in amounts increasing with the incubation time. This was not only due to an increase in the number of parasites as a result of their multiplication, but it reflected, in addition, a synthesis of PEF in the parasites, which after a lag phase shorter than 1 hr, continued during the whole period of the intracellular life of the parasites.
Penetration capacity of Toxoplasma parasites: extracellular parasites. Free parasites in the fluid of Toxoplasma-infected monolayer cultures, incubated at 37 C, were sampled at various times after the inoculation of the cultures. In each sample, the number of viable parasites was determined, and their capacity of penetration was assayed. As a control, the same tests were performed on a suspension of parasites incubated at 37 C in absence of host cells. In Fig. 4 , the amount of parasites necessary to produce one RNIU, the unit of penetration, was calculated for each sample. significantly (P < 0.0005) fewer parasites were required to give one RNIU with samples drawn during the first 2 hr than with samples collected at 3 to 5 hr after the inoculation. In absence of host cells, the penetrative capacity of the parasites was little affected; only at the end of the observation period was a trend to a reduction discernible. Consequently, when the parasites were incubated with cells, there seemed to be factors other than those of a thermal inactivation responsible for the reduction in the penetrative capacity. This assumption was supported by results presented in Fig. 5 . In this diagram, the number of parasites (given as per cent of the inoculated) is plotted against the incubation time. As a result of the penetration, the concentration of parasites in the cell culture fluid rapidly decreased during the first 2 hr of incubation. However, from then on the reduction proceeded at a rate corresponding to the one observed for parasites incubated without host cells. Figure 6 demonstrates that parasites artificially released 1 to 2 hr after they had invaded the host cells had lost some of their penetrative capacity. However, if maintained for a longer period in an intracellular position, this capacity was not only restored but markedly improved. Whereas 1,300 to 1,250 parasites were required for production of one RNIU with parasites artificially released after 13 and 20 hr, respectively, more than 2,300 had to be used to obtain one RNIU with parasites released 30 min or 1 hr postinoculation. This difference was found to be statistically significant (P < 0.0005).
In a separate experiment, parasites were released from host cells at 20 hr after the inoculation, i.e., when the cells contained many newly formed parasites. These were inoculated into new cell cultures, allowed to penetrate, and released again 1 hr later and tested for penetrative capacity. The same reduction in capacity of penetration as mentioned above was demonstrable.
Effect of cells on PEF. The fluid phase of Toxoplasma-infected cell cultures was found to be devoid of PEF also when 100 times concentrated fluid was tested. As this suggested either that PEF was not released into the medium from the parasites or that released PEF rapidly lost its activity, the following experiment was performed. Two milliliters of a highly concentrated preparation of PEF was added to a 200-ml HeLa suspension cell culture. Samples were drawn, one immediately after mixing, the others after various times of incubation at 37 C. In parallel, mixtures of PEF with cell culture medium containing or devoid of human serum were studied. The samples were centrifuged at 360 X g for 10 min, and cell free supernatants were assayed for penetration-enhancing capacity. Figure 7 demonstrates that, after 1 hr of incubation with cells, the penetration-promoting effect of PEF was only about 10%°of that observed for PEF in cell-free medium.
DISCUSSION
Toxoplasma gondii multiplies in a living host cell. To reach an intracellular position, the parasite must either actively invade its host cell or be incorporated by the host cell itself. The wide range of cells, in regard to both species and types, which can be infected by Toxoplasma, the size of the parasites, and the speed of the host cell penetration all speak in favor of a process of active penetration. Bommer (2,  3) has studied the penetration by cinematographic techniques. He observed elongation and amoeboid movements of the parasite during the phase of penetration which suggested that the parasite may pass through the cell membranes by mechanical force. Thereby, it should create holes in the cell membranes and by its motility penetrate into the host cell cytoplasm.
There are several findings, however, which indicate that the capacity of host cell penetration of Toxoplasma is dependent upon complex activities and not explicable only by the motility of the parasite. Thus, parasites which have lost their motility still retain their capacity of penetration; certain enzymes, e.g., lysozyme and hyaluronidase, promote the penetration if added with the parasites to host cells (9) ; and, finally, an enzyme-like factor, which enhances the penetration capacity by modifying the host cell wall, can be extracted from the Toxoplasma parasites (10, 13) . These observations indicate that an enzymatic activity of the parasite might be pertinent for the penetrative capacity of the parasite.
The results of the present study demonstrate that the PEF was synthesized in the Toxoplasma parasites and that the kinetics of the synthesis was related to the process of host cell penetration. In suspended cell cultures infected with parasites, the amount of PEF extractable from the cultures increased after a lag phase of less than 1 hr. The duration of the lag phase corresponded to the time required for about 80% of the infective parasites to penetrate the host cells (8) . It was evident that the synthesis of the factor started shortly after the penetration of the parasites and that from then on there was a continuous synthesis. Thus, the amount of factor extractable from a constant number of parasites was increased rapidly during the first 5 hr after the lag phase and then at a slower rate. Testing the fluid medium of parasite-infected cell cultures demonstrated no penetration-enhancing activity. Moreover, shortly after addition of factor to a cell culture, the penetration-enhancing activity disappeared from the cell culture medium. These findings indicated that the enhancing factor was bound to the Toxoplasma organism and, if released to the culture medium during the process of parasite penetration, was rapidly inactivated. Extracellular parasites collected from the fluid medium of the cell cultures demonstrated, after a lag phase of 2 hr, a gradually increasing loss of their penetrative capacity. This impaired capacity of penetration seemed a result of their contact with the host cells. It is known that parasites inoculated into a cell culture may attach to the cells and be released later without having completed the penetration (7). It is possible that parasites, attached in this way to the cell surface, when released have used most of their penetrative capacity, e.g., a penetration-enhancing enzyme.
The penetrative capacity of Toxoplasma parasites which had reached an intracellular position was studied on parasites released from their host cells by treatment with trypsin. Parasites released shortly after their penetration into host cells demonstrated some reduction in their penetrative capacity, again suggesting that the host cell pene-tration was followed by a reduced penetrative ability. On the other hand, in parasites allowed to remain intracellularly for 4 hr or more after the penetration, the capacity of penetration was not only restored but markedly increased. Both of these findings are in accord with the hypothesis that a factor facilitating the penetration of the parasites is spent during the process of penetration and then again synthesized.
The nature of the penetration enhancing factor is, as yet, unknown. In an earlier study (12) , it was demonstrated that the number of demonstrable lysosomes in toxoplasmas varied with regard to the stage of the infection being studied. By the host cell penetration, the number of lysosomes was markedly reduced but increased again after the penetration and reached a maximum at the time for the release of the newly formed parasites. Thus, the number of demonstrable lysosomes in Toxoplasma almost paralleled the synthesis of the PEF in Toxoplasma-infected cell cultures. These findings might indicate that an enzyme of lysosomal origin is functioning in the host cell penetration of the parasites.
The previously reported study on the lysosomes of Toxoplasma indicated, in addition, that the paired organelle in the anterior end of the parasite might contain lysosomal material. A secretory nature of this organelle was earlier suggested by Garnham et al. (4) . The paired organelle of the malarial merozoite has been reported to contain material used up when the merozoite penetrates the erythrocyte (1, 5, 6 
